Reconstructing the origin of a polyploid species is particularly challenging when an ancestor has become extinct. Under such circumstances the extinct donor of a genome found in the polyploid may be treated as a 'ghost' species in that its prior existence is recognised through the presence of its genome in the polyploid. In this study, we aimed to determine the polyploid origin of Oxyria sinensis 
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To confirm that O. sinensis contains the genome of O. digyna, we performed GISH analyses as described in Leitch et al. (1994) with minor modifications. Total genomic DNA was isolated from young leaves of O. digyna by the CTAB method (Doyle & Doyle 1987 ) and labeled with digoxigenin-UTP (DIG-Nick Translation Mix, Roche Applied Science). Well-spread metaphase chromosomes of O. sinensis from root tip cells were used for slide denaturation and hybridization. Labeled DNA was detected with FITC-conjugated avidin (DIG-detecting Mix, Roche Applied Science) and chromosomes were counterstained with DAPI in Vectashield antifade solution. Slides were examined by a PerkinElmer UItraVIEW VOX 3D Live Cell Image System and photographs were captured using the Olympus IPP software package and embellished in Photoshop Adobe System.
Transcriptome analysis
Total RNA was extracted according to the CTAB protocol (Doyle & Doyle 1987 ) from leaves of one individual of each Oxyria species after germinating seeds collected from populations 1 and 13 ( Fig. S2 ) and also leaves of one individual of Rh. tanguticum. We also downloaded transcriptome data for Rh. nobile (Wang et al. 2014) . The integrity of RNA was assessed using an Agilent 2100
Bioanalyzer. 20 μg of total RNA from each individual was purified using polydT conjugated beads to extract polyA-tagged mRNA. This was subsequently cleaved into ~200 bp fragments by treatment with divalent cations at 75°C. First and second strand cDNA synthesis was carried out using reverse transcriptase (Invitrogen) with random hexamer primers, RNase H (Invitrogen) and DNA polymerase I (New England BioLabs). Sequencing was performed on an Illumina HiSeq 2000. After removing
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Phylogenetic relationships and demographic history based on analyses of seven nuclear loci
Fourteen individuals from nine populations of O. sinensis were used in phylogenetic and demographic analyses of variation surveyed across seven nuclear loci (designated here as 1007, 3375, 6500, 7783, 8719, 9342 and 10702) . These loci were previously surveyed in a study of populations of O. digyna (Table S1 ) (Wang et al. 2016) . DNA extractions and PCR amplifications, using
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homologous primers, were conducted following the procedures described by Wang et al. (2016) .
Amplified products were ligated into pMD19-T Vector with a pMD19-T Vector Cloning Kit estimated following a 25% "burn-in", so the first 2500 trees were discarded as 'burn-in' and excluded from all inferences made. The output file was displayed in Treeview 1.6.6
(http://taxonomy.zoology.gla.ac.uk/rod/treeview.html).
To investigate the early demographic histories of both O. sinensis and O. digyna in Asia, we designed and examined four plausible scenarios of demographic change using approximate Bayesian computation (ABC) in DIYABC V.1 (Cornuet et al. 2010 ) based on the sequence data of the seven nuclear loci. We excluded from this analysis other O. digyna populations outside Asia because during and following colonization of these other regions, they might have been subject to mutation fixation
rates and climatic oscillations different to those of Asian populations (Wang et al. 2016) . The four demographic scenarios examined were (1) continuous population expansion since the origin of the two species, (2) recent expansion, (3) expansion-shrinkage and (4) expansion-shrinkage-expansion.
DIYABC allows identification of which demographic scenario best fits the data and parameters of interest. The distribution of each parameter is listed in Table S3. A reference table containing 4×10   6 simulated data sets (on average 10 6 per scenario) was generated. We used the 'pre-evaluation scenario prior combination' option in DIYABC to check which scenario the combination of priors produced simulated data sets that matched best the observed data. We used a mutation rate of 1.2 ×10 -8 (after Wang et al. 2016) and selected the scenario with the highest posterior probability by performing direct estimate and logistic regression analyses. Model checking for the best demographic scenario was conducted by simulating 10,000 datasets under each studied model to check the ability of a given scenario to produce data sets similar to the real data set.
Ecological niche modeling of O. digyna and O. sinensis
Ecological niche modeling (ENM) was conducted via maximum entropy using 
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only set representing O. digyna. In the other tree, the three homologous gene sets from O. sinensis formed three separate clades, one of which also contained the set representing O. digyna (Fig. 3d , 5/11 groups, 45%).
Phylogenetic relationships and demographic history based on analyses of seven nuclear loci
The seven nuclear genes sequenced in O. sinensis ranged from 318 to 774 bp in length. The full length of all aligned sequences was 3768 bp. The number of haplotypes recovered for each gene in O.
sinensis varied from 18 to 24. To assess phylogenetic relationships between haplotypes for each of the seven genes across both Oxyria species we constructed haplotype trees for each gene in turn. These trees (Fig. 4) tended to support the topologies of the phylogenetic trees constructed for homologous gene sets identified in the transcriptome analysis. For example, two gene trees (genes 3375 and 6500, Fig. 3b and Fig. 3c , respectively, while the topologies of the trees for genes 10702 and 9342 agree well with the tree illustrated in Fig. 3a .
ABC modeling and tests of the demographic dynamics of the two Oxyria species conducted on population genetic data derived from the seven nuclear genes supported a model of expansionshrinkage and re-expansion (scenario 4) during the early demographic histories of both species (Fig.   5b ). The results of PCA conducted on summary statistics for the four simulated demographic
Accepted Article
measured by I and D demonstrated that observed values were significantly higher than actual values (I=0.665, D=0.372) (Fig. 6b) , indicating clear ecological differentiation between the two species.
ENM further indicated that the distributions of both Oxyria species in the parts of Asia investigated in the present study were much narrower during the LIG than at the LGM or currently (Fig. 6a) , and that at all three stages the distribution of O. digyna was more extensive than O. sinensis. The high concordance of predicted areas for both species between the LGM and the present day suggests that little change has occurred in the distributions of these two species over the last 21,000 years.
Discussion
The major aim of the research reported here was to reconstruct the evolutionary and demographic history of an allopolyploid species that has one parent species now extinct. We focused on the polyploid Oxyria sinensis (2n=40), which is one of only two species comprising the genus Oxyria, the other being the diploid, O. digyna (2n=14). GISH established that O. sinensis is an allopolyploid containing the entire diploid chromosome complement of O. digyna in addition to 26 chromosomes derived from an unknown, and presumably extinct 'ghost' parent species. Reconstructing the ancestry and evolution of such an allopolyploid presents a major challenge, but can proceed through genomic and genetic analyses. These analyses combined with coalescent simulations and ecological niche modeling have also shed light on the historical demography of O. sinensis and its extant parent O.
digyna.
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pathways are supported by those phylogenies constructed from homologous sequences occurring in a 1:3 ratio for O. digyna vs. O. sinensis, in which one of the three sets present in O. sinensis clusters with the set present in O. digyna, while the other two sets form two independent clades (Fig. 3d) .
Third, an unknown diploid species may have undergone genome duplication to produce an autotetraploid around 12 Ma, which later hybridized with O. digyna to form O. sinensis approximately 6 Ma. This pathway is supported by phylogenies in which one of the homologous gene sets in O.
sinensis clusters with the set present in O. digyna, while the other two sets form a monophyletic clade (Fig. 3c) . In all of these cases, if the base chromosome number of the genus is x = 7 (with 2n =14 for the extinct diploid species), it may be assumed that two chromosomes were lost after the first or second polyploidization events to produce the chromosome number of 2n = 40 for O. sinensis.
Of the three pathways described, the second one, involving the formation of an allotetraploid between O. digyna and an extinct diploid species as a first step, seems unlikely due to the following.
The initial genome duplication (polyploidization) was dated to 12 Ma based on genomic divergence between O. digyna and O. sinensis according to the distribution of Ks values for 1:1 orthologous sequence pairs (Fig. 2) . This date is consistent with the date of divergence between the two species based on maternally inherited chloroplast DNA sequence variation (Sun et al. 2012) . It is highly unlikely that these two events, i.e. divergence between O. digyna and another diploid species, and genome duplication giving rise to an allotetraploid between these two species, would have occurred more or less at the same time. Though we might rule out the second pathway of origin of O. sinensis,
we are unable to distinguish clearly between the first and third pathways from the available evidence. This is because the phylogenies constructed from homologous sequences supporting one or the other NCBI SRA: SRX621187, SRX 2200537, SRX2200544, SRX2200877.
Accession number: KX999721-KX999862, KR003454-KR003705.
The locations of samples used in ENM analysis are archived in a directory with the name 'ENM_data', which can be downloaded from Dryad doi:10.5061/dryad.bc1v8.
Supporting information
Additional supporting information may be found in the online version of this article. O. digyna in the QTP from both a direct estimate using the 500 closest datasets and a logistic regression using 1% of closest datasets. Figure S2 . 
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